Recent progress in nanostructured materials synthesis and device fabrication technology has brought the need for thermal management to the forefront. For example, the power density needed to operate an integrated circuit chip is already nearing that of a nuclear reactor (around the 100 W=cm 2 mark) and could continue its climb with size scaling if no improvement is made. 1 Effective strategies for heat transfer away from active devices and into heat sink regions need to be engineered in future nanometer-scale elements on heterogeneous material platforms for high integration density and performance. Hence, a fundamental understanding of thermal transport in the nanoscale environment is an essential requirement. In fact, the problem of thermal transport at the nanoscale inherently demands an atomistic, quantum-mechanical description of the complexity of the nanointerfaces.
Among the most promising materials for advanced microelectronic applications, graphene, a single plane or a few-layers of graphite, has taken center stage for its outstanding mechanical, electronic, and thermal properties. [2] [3] [4] [5] In particular, advances in the epitaxial growth of graphene films on dielectric substrates, such as hexagonal BN (h-BN) or SiC, have the potential to open new classes of device applications that may revolutionize the semiconductor roadmap for future decades. 6, 7 Heat conduction between dielectrics can be interpreted as transport of phonons: quantized elastic waves of lattice vibrations. When the heat flows across interfaces, the scattering of the phonons originates a thermal resistance often known as Kapitza resistance. 8 There are two classic models of evaluating the thermal resistance in materials: the acoustic mismatch and the diffuse mismatch model. 9, 10 Both are phenomenological approaches, assume linear phonon dispersions, oversimplify the effects from the interfaces, and are fitted to reproduce existing experimental results. Beyond these simplified approaches, atomic level methods, such as molecular dynamics, 11 lattice dynamics, 12 and non equilibrium Greens functions, 13, 14 have been used to study thermal resistance in interfaces and superlattices. These methods have in common the need for interatomic potential functions for the evaluation of the dynamics of the systems for which only empirical models have been used to date. However, given the complexity of the interactions at nanoscale systems such as graphene/substrate interfaces and the impracticality of generating accurate potential functions for any specific case, first principles methods are clearly the ideal choice for these investigations.
In this letter, we have studied the heat conduction properties at the heterogeneous interface between multilayer graphene and selected dielectric substrate materials using a fully first principles approach for both the electronic and the thermal properties of the systems. In particular, we combine state-of-the-art density functional theory (DFT) and density functional perturbation theory (DFPT) 15 calculations for the evaluation of the vibrational properties of nanoscale systems with the general framework of the Landauer approach 16, 17 for ballistic phonon transport using a real-space Green's function technique. 13, 14, 18, 19 At the nanoscale, thermal transport across a device connected to two thermal baths (L and R) can be described by extending the Landauer formalism for electrons to phonons. In this formalism, the expression for the thermal current density is of the thermal reservoirs, and T ph ðxÞ is the transmission function of the phonons. In the limit of small temperature difference DT, the phonon thermal conductance j ph ðTÞ ¼ JðTÞ=DT is given by
0 dð hxÞ T ph ðxÞ hx @nðT; xÞ @T :
(2)
The transmission functions T ph ðxÞ for phonons can be calculated using a real-space Green's function approach, similar to the one used for the electron transport across nanoscale interfaces, 18 where the main ingredients are (i) the diagonal matrix M ph corresponding to the masses of the atoms and (ii) the matrix K ph ðr) of the interatomic force constants (IFCs) in real space. 20, 21 The thermal resistance, R(T), is then obtained by inverting Eq. (2) and normalizing to the interface area. In the present treatment, IFCs are calculated fully from first principles 22 within DFPT 15,23 that allows unequivocal consideration of the microscopic geometry as well as chemical and electronic modification at the interface without resorting to phenomenological or ad hoc models. For simplicity, we restrict our analysis only to the harmonic contribution to lattice dynamics. The inclusion of three phonon scattering effects, although obtainable from DFPT, 15 is outside of the scope of this investigation. 23 The device geometry considered for the evaluation of the interfacial thermal resistance is comprised of a heterostructure containing an interface between different materials connected to two thermal baths (reservoirs) at two different temperatures, T L;R (see Figure S1 in supplemental material 24 ). In this configuration and in the absence of inelastic scattering, the thermal resistance measured across the system, R(T), coincides with the interfacial thermal resistance R in ðTÞ, i.e., the Kapitza resistance through the graphene/ dielectric interface. For more details about the method see, for instance, Ref. 11 and references therein.
To understand thermal transport at multilayer graphene (G) and dielectric interfaces, we have considered two different classes of substrates, hexagonal BN and wurtzite SiC. Both share a planar hexagonal symmetry in the direction perpendicular to the interface, but they have a different interlayer coupling in the direction parallel to transport: one is a 2-D layered (h-BN) and the other an intrinsically 3-D system (wurtzite SiC). See Figures S2 and S3 in supplementary material 24 for details on the geometry of the bulk and interface structures.
In the case of the h-BN substrate, the structure of the interface is planar without any buffer layer, so the model system for the transport calculation is a slab with eight h-BN planes and eight graphene layers. As for SiC, we focus on multilayer graphene grown on the Si-face of 2 H-SiC(0001)-
cosð30 Þ] that is characterized by a carbon buffer layer bound to the SiC surface and an electron-doped graphene layer on top. More specifically, we consider both the native (SiC) and the hydrogenated case (H:SiC), where H atoms passivate Si dangling bonds (lonely atoms) in the interface layer, 25 to investigate how the coupling of the substrate with the graphene layers affects the phonon transport. In this case, the model system for the interface is comprised by a SiC slab (eight planes, 2 Â 2 lateral periodicity), the carbon buffer layer (with or without hydrogenation), and three graphene layers 26 (see Fig. S3 in supplementary material for details 24 ). We first discuss the characterization of the bulk systems and their intrinsic thermal contact resistance a la Landauer. The preliminary calculations of phonon dispersion and transmittance for the bulk systems can be found in the supplementary material. 24 Using Eq. (2), we calculate the contact thermal resistance of the bulk h-BN, "bulk graphene" and bulk SiC as a function of temperature in the range 50-400 K, as shown in Fig. 1 . The thermal resistances hold a 1/T dependence with room temperature values of 7:2 Â 10 À10 m 2 K=W and 6:3 Â 10 À10 m 2 K=W for the case of bulk h-BN and graphene, respectively. These numbers are consistent with the expectation of a small out-of-plane transmission in these layered systems, in good agreement with available experimental results. 27, 28 Similar results are found for bulk SiC, with the important difference that now the contact resistance at room temperature is 3:5 Â 10 À10 m 2 K=W, i.e., almost half that of layered systems.
The same calculation route has been carried out for the whole interface structure of the G/h-BN system. The interfacial thermal resistances are plotted in values) interfacial thermal resistance in this system indicates a sizable permeability of the system to heat transport and can be clearly understood in terms of the similarity of the phonon dispersions in the two sub-systems and the transferability of the force constants due to the similar masses of the B, N, and C atoms (mass approximation 29 ). Our values are in good agreement with the experimentally observed thermal resistance of exfoliated (weakly coupled) graphene on SiO 2 at room temperature (56 À 120 Â 10 À10 m 2 K=W). 5 The interface indeed acts as a barrier to the transmission of phonons from one side of the device to the other.
The situation changes drastically when we consider interfaces with 3-D materials such as SiC. Looking at the results for the G/SiC and G/H:SiC cases, shown in Figs. 2(b) and 2(c), it is clear that the thermal resistance depends critically on the microscopic details of the interfaces. For instance, the interfacial thermal resistance of the SiC/G at 300 K is 361:1 Â 10 À10 m 2 K=W one order of magnitude higher than in the G/h-BN case. This is due to the substantial difference between the phonon distribution functions in a 3-D bulk vs. a 2-D layered system. Even more drastic is the variation due to the microscopic modification of the interface by hydrogenation. Now the thermal resistance increases by a factor of 2 (712:4 Â 10 À10 m 2 K=W), indicating a strengthening of the interfacial barrier to phonon transmission.
In order to understand the thermal conductance features of these three systems, we have carried out a microscopic analysis of the transmittance in terms of the most relevant contribution from the vibrational normal modes at the interface. The results are summarized in Fig. 3 (left panel) . A general feature, common to all the systems, is the suppression of the phonon modes for energies above $100 cm À1 , which can be attributed to the lack of matching between the graphene layers and the substrate modes in the same energy region (see Figs. S4-S6 in supplementary material). 24 Moreover, the individual analysis of the atomic displacements for the low energy modes (Շ100 cm À1 ) that correspond to high transmittance values allows us to identify the general shape of the transport eigenchannels for the heat flux at those ener-gies ( Fig. 3, right panel) . In the G/h-BN case, we find two representative sets of collective modes that are efficiently transmitted across the interface: at low frequencies (up to $25 cm À1 ), the modes have out-of-plane displacements as in Fig. 3(d) .
In the intermediate energy range (25 À 100 cm À1 ), the modes have in-plane displacements (shear modes, parallel to the interface) and are more weakly coupled (hence the lower transmittance). In the SiC case [ Fig. 3(b) ], this transmission channel is inhibited by the 2-D to 3-D transition across the heterojunction. Now, only out-of-plane modes can transmit across the interface [ Fig. 3(e) ]. This effect is clearly a manifestation of the possibility of engineering phonon transport across an interface by the selective modification of the interface geometry. Indeed, this is further exemplified by the case of transmission through the G/H:SiC interface. The addition of a H atom on the Si lonely atom at the interface layer blocks the transmission of the out-of-plane mode responsible for most of the heat transfer around $40 cm À1 . The H-Si bond makes the interface rigid to out-of-plane modes and effectively blocks the transmission in the low energy range, as displayed by the displacement pattern of the corresponding mode (now red-shifted at $25 cm À1 ) and shown in Fig.  3(f) . This is clearly interpretable in view of the breaking of the mass approximation by the insertion of a "mass defect," the light H atoms. Moreover, in addition to the mass effect, there is a slight variation of the interlayer distance between G and SiC upon H adsorption in the buffer layer (3.89 Å in SiC vs. 4.13 Å in H:SiC), which induces a further weakening of the IFCs. Recent experiments have already shown that hydrogen functionalization can play an important role in manipulating thermal conductance in graphene-metal interfaces, 30 an indirect confirmation of the validity, significance, and timeliness of our investigation.
These results point to the paramount importance of interfacial geometry for the control of thermal properties of a heterojunction: Indeed, interfaces can be engineered as to prevent or enhance heat transfer from one system to another and thus select the directionality of the heat dissipation channel. Depending on the application for any particular device, one should be able to design the desired phonon distribution function. For instance, in systems where one needs to capture thermal energy, e.g., solar thermal devices or thermoelectric systems, it would be desirable to collect the heat in the active layer, with negligible dissipation (as in G/H:SiC). If instead heat dissipation is essential for maintaining high charge or spin carrier mobility in a device, a heterojunction like G/SiC or G/h-BN would be the ideal choice. Finally, we would like to stress once again that this type of analysis is only possible because we are using a fully first principles approach where all the individual contributions are evaluated explicitly at a quantum mechanical level.
We would like to thank Yifeng Chen for his technical support and useful discussions. This work was supported, in part, by the DARPA/HRL CERA, SRC/NRI SWAN, and US ARO. M.B.N. wishes to acknowledge partial support from the Office of Basic Energy Sciences, U.S. Department of Energy at Oak Ridge National Laboratory under Contract No. DE-AC05-00OR22725 with UT-Battelle, LLC. Calculations have been run at NCCS-ORNL and HPC-NCSU. This work was supported in part by the SRC through Task ID P14924 in the Center for Electronic Materials Processing and Integration at the University of North Texas.
